The r e l a t i v e absence of apparent brain volume regulation i n response t o acute water loads i n the newborn i n comparison t o the a d u l t i s due t o mechanical f a c t o r s , namely the more compliant newborn skull. The more compliant s k u l l allows a greater increase i n i n t r a c r a n i a l volume before i n t r a c r a n i a l pressure values a r e reached t h a t a r e c r i t i c a l f o r pressure-dependent brain volume regulatory processes, e.g. bulk flow l o s s of brain ecf and CSF v i a arachnoid v i l l i .
Introduction
In an e a r l i e r study (17). we observed t h a t newborn puppies ( 1 -3 days of age) had no apparent brain volume regulation when undergoing 3 h of d i l u t i o n a l hyponatremia.
Intraperitoneal i n j e c t i o n of a water load a t a dose of 12% body weight resulted i n proportional changes i n plasma and brain water content without changes i n brain ion content. These r e s u l t s d i f f e r considerably from those obtained i n a d u l t mamals exposed f o r similar time periods t o similar s t r e s s l e v e l s (1, 2, 3, 7, 13, 1 6 ) . The primary goal of t h e s t u d i e s reported i n t h i s paper i s t o determine i f t h e lack of brain volume regulation i s absolute o r i f , with g r e a t e r degrees of s t r e s s , brain volume regulation w i l l occur, i . e . , the increase i n brain water content w i l l be l e s s than proportional t o t h a t i n plasma and w i l l be associated with changes i n brain ion content.
A secondary goal is t o evaluate the possible mechanical r o l e of the r i g i d cranium i n the volume regulatory response of t h e brain t o hyposmotic s t r e s s . In the newborn puppy a s i n many o t h e r newborn mammals, the s k u l l is l e s s r i g i d due t o t h e presence of unclosed sutures and fontanelles. I f mechanical f a c t o r s due t o brain w e l l i n g within the r i g i d cranium a r e r e l a t e d t o t h e cerebral volume regulating ionic response t o water loading, i n the puppy with a more compliant cranium g r e a t e r degrees of brain swelling w i l l be necessary t o a c t i v a t e these responses.
Stated a s a hypothesis, a s progressively g r e a t e r degrees of hyposmotic s t r e s s a r e applied i n t h e puppy, brain water content w i l l increase proportionately u n t i l some c r i t i c a l mechanical l i m i t i s reached. At t h i s point f u r t h e r s t r e s s w i l l no longer r e s u l t i n proportional changes i n brain swelling and brain ion l o s s w i l l begin t o occur. The experimental design is t o produce d i f f e r e n t degrees of hyposmotic s t r e s s i n newborn puppies and evaluate brain water and ion content a t 3 h and i n t r a c r a n i a l pressure during the duration of t h e experiment.
Methods
Both mongrel and purebred beagle dogs were used f o r t h i s study. Pregnant beagle dogs, purchased from Marshall Research Animals, North Rose, NY, were shipped to Hanover, N H two wks o r more before the estimated delivery date.
Pregnant mongrel dogs were obtained from a l o c a l animal supplier. The dogs were housed, fed, and cared f o r i n the animal research f a c i l i t y a t Dartmouth Medical School. After normal vaginal delivery, the experiments were performed on ten puppies greater than 6 h but l e s s than 3 days of age, taken from four separate l i t t e r s .
The general experimental strategy was t o measure brain water content, i n t r a c r a n i a l pressure, and brain ion content of unanesthetized puppies exposed t o 3 h of d i l u t i o n a l hyponatremia of d i f f e r e n t degrees produced by i n t e r p e r itoneal i n j e c t i o n of d i s t i l l e d water. Two puppies received i n j e c t i o n s of a control d i a l y s a t e (17). one being 10 m1/100 g body wt (10%) and t h e other being 15 ml/loo g body wt (15%). The d i s t i l l e d water i n j e c t i o n s were a t dosea of 5%. 10%. 15%, and 18% of body weight with each dose given t o two puppies. Doses g r e a t e r than 18% of body weight r e s u l t e d i n death of puppy. The i n j e c t i o n s were given a f t e r recovery from anesthesia and implantation of a r t e r i a l , venous and l a t e r a l cerebral v e n t r i c u l a r cannulae.
Surgical anesthesia was induced using 3% halothane i n oxygen delivered v i a a small rubber cone t h a t f i t snugly over the nose and mouth of the puppy. The puppy was intubated using polyethylene tubing and the anesthetic mixture switched t o 1.0% halothane, 65% n i t r o u s oxide, and 34% oxygen. The femoral a r t e r y and vein were cannulated and a r t e r i a l and c e n t r a l venous pressures were monitored using Statham pressure transducers and a Grass Instrument, Co., Polygraph. The puppy was placed i n a small animal head holder and a midline scalp incision made. Five millimeters l a t e r a l t o t h e s a g g i t a l suture and 5 mm posterior t o the coronal suture, a small hole was carefully made i n the s k u l l with a dental d r i l l . A 22 gauge blunt needle connected t o a Statham pressure gauge via s a l i n e f i l l e d polyethylene tubing was lowered i n t o t h e l a t e r a l v e n t r i c l e . Proper placement of t h e cannula was determined by visualization of v a r i a t i o n s i n the i n t r a c r a n i a l pressure record due t o r e s p i r a t o r y and cardiac e f f e c t s . The cannula was then fixed i n place on the s k u l l using a dental a c r y l i c cement. The endotracheal tube was removed and t h e animal allowed t o recover from anesthesia f o r 30 min. The induction of anesthesia and t h e intubation took 10 -20 min and the surgery 60 -90 min. After recovery, control values of a r t e r i a l , c e n t r a l venous, and i n t r a c r a n i a l pressure were obtained i n unanesthetized puppies breathing room a i r . A r t e r i a l blood was obtained and pH, P02, and PC02 measured on 150 U1 of blood using a Radiometer EMS 3 MK2 microsystem maintained a t 37.5 deg C. The body temperature of the puppies was maintained a t t h i s temperature using a Yellow Springs Instrument Proportional Temperature Controller with a small r e c t a l probe a s the temperature sensor and an infrared lamp a s the heat source. The Radiometer pH electrode was c a l i b r a t e d with precision buffers, and the 02 and CO2 electrodes with gas mixtures of known content determined by analysis with Scholander Apparatus. Plasma bicarbonate was calculated using appropriate constants f o r pK' and S (19). A separate 250 p1 a l i q u o t of blood was centrifuged h e d ia t e l y and the plasma used f o r measurement of sodium and potassium by an IL43 flame photometer, chloride by Radiometer chloride t i t r a t o r and osmolality by a Wescor osmometer.
After these control samples t h e puppy received i t s intraperitoneal injection. Blood, c e n t r a l venous and i n t r a c r a n i a l p r e s s u r e s were measured and recorded a t 5-min i n t e r v a l s over the subsequent 3-h duration of the experiment. At 1 h the a r t e r i a l blood gas and pH measurements were repeated and a t 3 h the blood gas, pH, plasma e l e c t r o l y t e and osmolality measurements were repeated. The puppies were injected intravenously with sodium pentobarbital (50 mgmskg body weight) and t h e whole brain was immediately removed by incising the c r a n i a l sutures. The brain was spread open by making two transverse incisions from above. one i n the b i s a g g i t a l plane, the other i n t h e f r o n t a l plane. The brain surfaces were gently b l o t t e d and t h e brain weighed imwdiately. The t i s s u e was dried t o constant weight a t 95 deg C and brain water content calculated from the wet and dry weights. The dried t i s s u e was digested i n 0.78 N HN03 and the f l u i d analyzed f o r sodium, potassium and chloride content. ehese beagle and mongrel newborn pupples were healthy and provrded a s t a b l e preparation f o r study. The mean S . D . body werght of the 10 puppres was 470 t109 g wlth a range of 334 -628 g. The l n d i v~d u a l control and 3-h values of a r t e r r a l blood pressure, blood pH, blood gases, e l e c t r o l y t e s and o s n o l a l l t y f o r each of the t e n pupples m t h l s study a r e shown m Table 1. The control values were m t h e range of values t h a t we and o t h e r s have obtarned m puppies 1 -3 days of age (11, 12, 15, 18. 19, 24) . The m l e c t l o n of the mock plasma "control" d i a l y s a t e a t 10% and 155 o f bo& weight (puppies L q d 2) had less than a 3% e f f e c t on plasma osmolallty o r e l e c t r o l y t e values whereas in3ection of d l s t~l l e d water In rncreaslng doses produced progress=ve changes m plasma osmolallty and sod~um and c h l o r~d e concentration (puppres 3 -l o ) .
Plasma sodium and chloride concentration changes r e f l e c t e d t h e osmotic events. The l i n e a r regression relationship between the 3-h p l a s m sodium and osmolality values of a l l t e n puppies was plasma [~a + l = 0.48 plasma osmolality -2.9, r = 0.93, whereas t h a t f o r chloride was plasma [Cl-I = -0.40 plasma osmolality -14.6, r = 0.95.
The plasma potassium concentration increased i n a l l animals during the 3-h experimental period ranging from 4.2 t o 4.7 mmole/liter i n 8 animals and increasing t o 7.6 and 8.3 mmole/liter i n 2 animals. In the s i x most severely s t r e s s e d animals, puppies 5 -10, t h e r e was a tendency f o r the development of a metabolic acidosis. This a c i d o s i s was mild i n puppies 5, 7, 8, and 9 and more severe i n puppies 6 and 10 with plasma bicarbonate concentrations a t 3 h compared with control being decreased 11.1 and 16.6 mmole/liter. Puppies 6 and 10, with the l a r g e r changes i n plasma bicarbonate, had the more severe elevations i n plasma potassium.
The changes in PaC02 and Pa02 i n the 10 puppies during the course of t h e experiment were q u i t e variable, ranging from +20 t o -29 mmHg f o r PaCO2 and +31 t o -23 mmHg f o r Pa02. The two most acidotic animals had the lowest PC02 values. k t e r i a l pH decreased i n 7 of the 8 water-loaded puppies with the range of the f i n a l values being 7.020 t o 7.370.
Mean a r t e r i a l blood pressure a l s o showed a tendency i n some animals t o decrease during the 3-h water loading experiment although the blood pressure changes were variable. The brain water and ionic content and CSF pressure of the control a n n a l s and i n response t o progressive water loading i n t h e experimental animals are shown i n Table 2 and Figures 1-3 . The brain water content expressed a s ml water per g dry brain wt (Fig. 1 ) increased progressively with the increase i n plasma water a s indicated by plasma osmolality (Table 2 ) o r the % decrease i n plasma osmolality (Fig. 1 ) 
. For up t o a 12% decrease i n plasma o s n o l a l i t y the increase i n brain water content was q u i t e close t o t h e l i n e representing a proportional response. The brain water content of the puppies with decreases of p l a s m osmol a l i t y g r e a t e r than 15% were well t o the r i g h t of the proportionality l i n e , a response consistent with t h e idea t h a t t h e r e i s some threshold value of waterloading s t r e s s beyond which some apparent brain volume regulation does take place. I t i s important t o note t h a t attempts i n two puppies t o induce changes i n plasma osmolality of g r e a t e r than 18% r e s u l t e d i n death of the puppy within t h e f i r s t 2 h of t h e protocol. Unfortunately we d i d not measure brain water o r ionic content i n these puppies.
The brain sodium, chloride, and potassium ion responses a r e shown i n Table 2 and i n Figure 2 expressed as meq i o n k g kg brain wt versus the % decrease i n Plasma osmolality. Brain sodium and chloride content did decrease a s the water loading s t r e s s was increased (Table 2 and Fig. 2) . The slopes of t h e l i n e a r regression of the relationships i n Figure 2 f o r sodium and chloride d i f f e r e d from the n u l l hypothesis of a slope = 0 a t a confidence l e v e l of P < 0.03 f o r sodium and P < 0.001 f o r chloride. Brain potassium content did not decrease s i g n i f i c a n t l y (Table 2 and Fig. 2 ).
The response of CSF pressure measured i n the r i g h t l a t e r a l cerebral vent r i c l e during the 3-h duration of the experiment i s shown i n Figure 3 . With increasing water loads there is a progressive increase i n peak CSF pressure, i n t h e CSF pressure l e v e l s during the postpeak decline, and i n the t o t a l pressuretime integral. The time t o peak pressure was approximately the same i n each case, 40-45 min. The relationship of peak CSF pressure t o t h e % decrease i n plasma o s n o l a l i t y was l i n e a r , y = 8 . 6 9~ + 85.9, r = 0.96. The relationship of mean CSF pressure t o t h e % decrease i n plasma o s n o l a l i t y was a l s o l i n e a r , y = 5 . 3~ + 69.1, r = 0.97.
Discussion
The i n i t i a l control mean blood pressure, plasma e l e c t r o l y t e , and osmolality values of the t e n unanesthetized puppies of t h i s study, breathing room a i r , agree q u i t e closely with previously published values obtained i n unanesthetized o r l i g h t l y anesthetized newborn puppies (11, 12, 15, 18, 19, 24) . The i n t r aperitoneal i n j e c t i o n of d i s t i l l e d water a t doses of 5 1 8 % of body w t produced t h e desired e f f e c t s on plasma osmolality and e l e c t r o l y t e s b u t a l s o appeared t o a l t e r , i n some animals, blood pressure and acid-base balance. There was a tendency f o r t h e plasma bicarbonate concentration and t h e mean blood pressure t o decrease i n some of t h e severely water loaded animals. W e were unable t o demons t r a t e a s t a t i s t i c a l l y s i g n i f i c a n t dose-response r e l a t i o n s h i p between the f a l l i n plasma osmolality and t h e degree of acidosis o r hypotension. The two most severely a c i d o t i c and hypotensive puppies, 6 and 10, did n o t have the most severe degree of hyposmolality (Table 2 ) ; however, water loads g r e a t e r than 18% of body weight did r e s u l t i n severe hypotension, acidosis and death i n two puppies t h a t a r e not included i n t h i s report. This study then e n t a i l s the use of water loads t h a t range i n t o the s t r e s s l e v e l t h a t can r e s u l t i n hypotension and a c i d o s i s i n some puppies. W e included a l l puppies i n the study t h a t survived the 3-h experimental period.
The major reason f o r t h i s study grew out of the observation i n t h i s laboratory t h a t 3 h of water loading a t a dose of 12% body weight r e s u l t s i n a proport i o n a l change i n plasma o s n o l a l i t y and i n brain water content and an absence of any l o s s of brain sodium, chloride, o r potassium (17). Apparent b r a i n volume regulation a s evaluated by measurement of brain water content during acute water loads was absent i n t h e newborn puppy (17). a finding t h a t i s i n marked c o n t r a s t t o t h e observations made i n a d u l t mammals exposed t o similar degrees of water loading over similar time periods (1, 2, 3, 7, 13, 1 6 ) . In t h e a d u l t , the r a t i o of the f r a c t i o n a l change i n brain water content t o the f r a c t i o n a l change i n plasma osmolality ranges from 0.37 t o 0.56 (1, 2, 3, 7, 13, 1 6 ) . values f a r below the value of 1.0 observed i n the puppy (17). Associated with t h i s apparent brain volume regulation t h e r e a r e l o s s e s of brain t i s s u e sodium, chloride, and Potassium (1, 2, 3, 10, 13, 14, 16) t h a t a r e thought t o indicate the presence of ionic extrusion mechanisms involved i n t h e regulation of brain volume.
In t h i s study we used progressively g r e a t e r water loads t o evaluate v i a a dose-response approach whether o r not the absence of brain volume regulation i n the newborn puppy i s an absolute f a i l u r e or i f , with g r e a t e r s t r e s s l e v e l s , some Table I . I n i t i a l control and f i n a l 3h values of blood pressure, acidbase balance, e l e c t r o l y t e s and osmalality f a r the ten puppies of the study. 
